A screening mechanism for conformal vector-tensor modifications of general relativity is proposed. The conformal factor depends on the norm of the vector field and makes the field to vanish in high dense regions, whereas drives it to a non-null value in low density environments. Such process occurs due to a spontaneous symmetry breaking mechanism and gives rise to both the screening of fifth forces as well as Lorentz violations. The cosmology and local constraints are also computed.
We shall consider the simplest action to show this mechanism at work, which is that of a massive vector field with a gauge fixing term
where R is the Ricci scalar constructed from the Levi-Civita connection of the metric g µν , F 2 = g µα g νβ F µν F αβ with F µν = ∂ µ A ν − ∂ ν A µ and L m is the Lagrangian for the matter fields, which couple to gravity through g µν given by
with A 2 = g µν A µ A ν . Notice that, as usual with conformal transformations, this relation guarantees that both metrics lead to the same causal structure. In this Letter, we shall assume the particular case where the conformal factor is given by B 2 (A 2 ) = e 2βA 2 /M 2 p . The action (1) reduces to the Stueckelberg action for a massive vector field [18] in flat spacetime and when the vector field is much smaller than the Planck mass (see the Appendix). As in that scenario, one would also need to introduce the Stueckelberg field to compensate for the ghostly degree of freedom A 0 and, then, the theory can be quantised with a bounded hamiltonian following standard methods, in which one works with negative norm states in a restricted Hilbert space. Here, we will focus on the screening mechanism for the physical spatial components so that we have neglected the Stueckelberg field. In addition, we will show explicitly that the temporal component remains negligible in all the considered situations so that our results do not rely on its presence. Even though this does not prove the complete theoretical consistency of the full theory in an arbitrary background spacetime, we have chosen our action as a proof of concept of a working screening mechanism for a vector field.
The vector field equations of motion derived from the action (1) can be written as
whereT αβ ≡ 2 √ −g δLm δg αβ . This energy-momentum tensor is not conserved under the covariant derivative associated to the Levi-Civita connection generated by the spacetime metric g αβ , i.e., ∇ µT µν = 0. However, it is conserved under the covariant derivative associated tog µν so that∇ µT µν = 0. In other words, particles will follow the geodesics of the metricg µν and not those of g µν . Notice that for the conformal coupling not to be trivial, it is necessary to have a dynamical norm for the vector field. Hence, this screening mechanism is not applicable to aether theories in which the norm of the vector field is fixed by means of a Lagrange multiplier [19] .
Since we have two conformally related metrics, one could try to go to a Jordan frame in which matter is minimally coupled to the metric, and gravity would be described by a vector-tensor theory. In order to do that, it is necessary to invert (2). However, unlike in the scalar field case, the inverted relation is not simply g µν = B −2 (A 2 )g µν because the argument of B still depends on the metric g µν . The main difficulty to invert this relation will be to solve the equationÃ
. This equation will give rise, in general, to several branches that can lead to different theories in the Jordan frame. This can be useful, for instance, to constrain the vector field to be either timelike or spacelike in such a frame without having to introduce a Lagrange multiplier and, therefore, without reducing the number of degrees of freedom. We shall not pursue the consequences of going to the Jordan frame any further here (see however [20] ). Let us simply mention that, in our case, the inversion of the conformal relation is given by g µν = e −W (2βÃ
In the case of a conformal coupling depending on a scalar field φ, one finds T µν = B 2 (φ)T µν , where
δg αβ is the source of Einstein's equations. However, in the case of our conformal factor depending on the vector field, we obtain
where a new term arises because the conformal factor B 2 (A 2 ) depends itself on the metric. Notice that, since the additional term is proportional to the trace ofT µν , it disappears for a radiation-like component. Thus, in the cosmological evolution, it can only be important when the matter component is relevant and, indeed, it is a potential source of a large scale anisotropic stress. Nevertheless, this is not necessarily the case, since a vector field with a potential can yield an isotropic averaged energy-momentum tensor if it oscillates fast as compared to the Hubble expansion rate [21] In order to understand the screening mechanism at small scales, we consider the vector field in a Minkowski spacetime and the matter field consisting of a pressureless fluid, i.e.,g αβT αβ ≃ρ. As usual with conformal couplings, it is more convenient to use ρ ≡ e 3βA 2 /M 2 pρ , which does not depend on A µ [4, 6] . The field equations (3) can then be written as
We can interpret these field equations as those for a set of four scalar fields with an effective interaction that couples all four components. Even though this interaction cannot be written in terms of an effective potential as it is done in the scalar field case, the critical points can nevertheless be easily obtained
The first critical point corresponds to a Lorentz invariant vacuum and always exists, whereas in the second one the field acquires a non-vanishing value, thus breaking Lorentz symmetry, and only exists if M 2 and β have opposite signs. Moreover, for the second critical point, we find that in regions of high density, the vector field is spacelike (timelike) for β negative (positive). In this Letter, we focus on the case with β < 0 so that a spacelike vector field is screened and, thus, also Lorentz violations will be screened. In such a case, we can assume that A 0 ≪ A i so that the vector field is always space-like. This assumption is proved below to be consistent throughout the whole evolution, so that the vector field does not change from space-like to time-like. In such a case, the equations can be approximated by
Thus, we can now define the following effective potential for the spatial components
The mass matrix at the critical point with
Hence, in regions of high density, the effective mass is m
p (which is positive for β < 0) and the VEV of the field vanishes. However, in low dense regions, we have m 2 0 ≃ −M 2 < 0 and the modes become tachyonic. For the second critical point, the masses given by the eigenvalues of the mass matrix are
This result was expected since the effective potential (8) exhibits an O(3) symmetry that is spontaneously broken to O(2) in the minimum of the effective potential, where the vector field spontaneously acquires a given value and points along one determined direction. This implies that one massive mode and two massless modes corresponding to the unbroken symmetries arise. Since the critical point only exists for (8) as a function of the modulus of the spatial components | A| ≡ A for different values of the energy density ρ. We can see how the effective potential exhibits the symmetry breaking explained in the main text when the density is low enough. Notice that at the minimum with A = 0, the direction of the VEV is only spontaneously acquired so that we still have the O(2) symmetry corresponding to rotations around the direction determined by the VEV of A.
symmetry breaking mechanism when going from high to low densities (see Figure 1 ). At very high densities (|2βρ| ≫ |M 2 M 2 p |), the effective potential has only one critical point located at the origin so that the vector field has a vanishing VEV and a positive mass m
. On the other hand, when the density is low
, the critical point at the origin becomes tachyonic and the field runs away from it. However, the conformal coupling stabilises this tachyonic evolution and another set of critical points appear. In the new vacuum corresponding to the effective potential after the symmetry breaking, we have two massless modes plus a massive mode with mass m 2 3 given in (10) . The difference of our screening mechanism with respect to the symmetron is that, in the symmetron, the stabilisation of the tachyonic mode after the symmetry breaking is done by the φ 4 -term of the potential, whereas in our case the stabilisation comes from the exponential term of the conformal coupling. The fact that the stabilisation is done by an exponential instead of a quartic term is the reason why our screening process is more efficient after the symmetry breaking than in the original symmetron, although this could be very straightforwardly adapted for the symmetron.
The aforementioned critical points for the effective potential are the key for the screening mechanism: provided that −M 2 M 2 p ≪ 2βρ local for the local density in the Solar System or our galaxy, the VEV of the vector field is zero. The leading order of the interaction of the vector field with the matter fields is βA µ VEV δA µ T /M 2 p so that it decouples from matter in high density environments. When the vector field acquires a non-vanishing VEV, the strength of the interaction is set by βA µ VEV /M 2 p so if we want this interaction to be of the same order as that of gravity, we need, at least, βA µ VEV ∼ M p . This condition is indeed fulfilled when the symmetry is broken and the field acquires the VEV given in (6), since the condition for the symmetry breaking is precisely −
It is also interesting to note that due to the conformal invariance of electromagnetism in 4 dimensions, photons do not couple to the vector field because of the tracelessness of its energy-momentum tensor. Finally, we should stress the fact that the interaction is direction dependent and only the component of the vector field parallel to its VEV couples to matter.
Another interesting feature of this mechanism is that, after the symmetry breaking takes place, we have a non-vanishing VEV for the vector field, so there is also a spontaneous breaking of Lorentz symmetry 2 when going from high to low density regions. This represents a distinctive feature with respect to screening mechanisms for scalar fields. In fact, this mechanism can be regarded not only as a way to screen the fifth force mediated by the vector field, but also as a mechanism to screen Lorentz violations or, in other words, as a mechanism to dynamically restore Lorentz invariance in high density regions, while being broken in low density environments. Screening of Lorentz violating interactions has also been explored in [22] in the context of modified gravity theories with a scalar field φ. In that case, the Lorentz violating coupling is through a coupling term ∂ µ φ∂ ν φT µν so that a direction dependent interaction appears when there is a background with non-vanishing gradients of the scalar field.
The local bounds on the theory can be computed by calculating the field profile near a static and spherically symmetric object. The field equations read
To obtain the profile, we shall solve these equations outside and inside a spherical object. In the outer region, we assume that we are in the phase of symmetry breaking so that we will expand the equations to linearize them around the corresponding critical point. In such a case, the equations for the perturbations of the field with respect to their values at the fixed point are
where δA 0 ≡ A 0 −Ā 0 , δA z ≡ A z −Ā z andĀ 0 ,Ā z are the asymptotic values. Now, as we commented above, we can assume thatĀ 0 ≪Ā z because the vector field is spacelike at the critical point. Then, assuming that the perturbations on both components are of the same order, we can further approximate the above equations to obtain
From these equations we can see that the source term for δA 0 is determined by δA z so that its profile will follow that of δA z . Thus, since its asymptotic (cosmological) valueĀ 0 is assumed to be smaller thanĀ z , it will remain smaller for all r. It is important to notice that both components satisfy the same equation inside the object, so that this remains true also in the inner region. The obtained equations look similar to those in [6] so we can proceed in a similar manner to obtain the solutions inside and outside the object. The corresponding solutions for an object of density ρ R and size R and with the boundary conditions A ′ z (0) = 0 and A(r → ∞) →Ã, beingÃ the cosmological value, can be written as follows:
2 are dimensionless parameters. The mass m 3 is the one given in (10). It is important to notice that in the expression for m 3 we need to use the cosmological density and not ρ R . On the other hand, we focus on the massive mode because the massless modes are less constraining. Finally, the constants B and C are obtained so that both solutions (and their first derivatives) match at r = R. In Figure 2 we show the profile corresponding to the above solution where we see the analogue of the thin-shell effect and how the field profile goes to zero very rapidly inside the object.
The force acting on a test particle due to the vector field is given by the gradient of the conformal factor | F | = d ln B/dr, as obtained from the geodesic equations. We should notice here that, unlike in the scalar field case, the full expression for the fifth force actually depends on the gravitational potential because B(A 2 ) depends on the metric. If we assume the weak field limit with g µν = η µν + h µν where |h µν | ≪ 1, then the fifth force is given by
The last term in the bracket is proportional to the usual gravitational force given by the gradient of the gravitational potential so that it can be seen as a modification of Newton's constant. Thus, the leading term of the fifth force gives a term proportional to the value of the field and its gradient and it also modifies the effective Newton's constant. However, the effects are negligible inside the galaxy, since there the value of the field drops dramatically and we have a thin-shell effect (see Figure 2 ). The field profile inside and outside the galaxy: the field goes to zero inside the galaxy whereas it tends to a nonvanishing (cosmological) value outside. Thus, inside the galaxy, the fifth force is screened and Lorentz symmetry is restored. As explained in the main text, the temporal component profile is driven by the spatial component so that if it is asymptotically smaller on cosmological scales, it will remain small at all scales and both outside and inside the object.
Our screening process drives the fifth force due to the vector field to extremely small values, away from any possible detectability range in present or near future experiments. As an extreme illustration, in Figure  3 , we used |β| > 10 6 and M > ∼ H 0 ∼ 10 −42 TeV. It is clear from the figure that weak equivalence principle violations and Eöt-Wash like experiments are easily satisfied for a wide range of the theory parameter space. For |β| = 10 6 the value of the field is ∼ 10 −7 TeV inside the galaxy, and the profile is almost flat, so the gradient of the field is negligible. Inside high density objects like the Sun, the thin shell effect is even more efficient.
Notice that, although mediated by a vector field, the test particle feels a force depending only on the magnitude of the vector field, but not on its direction. This is so because, the coupling to matter is through A 2 to the trace of the energy-momentum tensor. However, the vector nature of the new interaction appears by means of gravitational effects, i.e., when the backreaction of the vector field on the metric is relevant and we have a spontaneous breaking of Lorentz invariance, on cosmological scales when the energy density drops below the critical value leading to the symmetry breaking phase. Although the field hides in high density regions, at cosmological scales the symmetry can be broken and astrophysical signatures appear. In the early universe (radiation and matter dominated epochs), we expect the vector field to be subdominant. In such a case, it is justified to consider the equations for the vector field and assume that the expansion is driven by the dominant component. As before, we assume that the vector field is spacelike. This means that we have A i ≡ A i /a ≫ A 0 . Moreover, we assume that the spatial component has linear polarisation along the z-direction. Then, in a FLRW metric, the equations of motion are given by
We have solved these equations numerically throughout the universe evolution and the solutions are plotted in Figure 3 . In the following we shall find approximate analytical solutions for the cosmological evolution.
Since the coupling to the background density is through the trace of the energy-momentum tensor, only non-relativistic species are relevant for the interactions of the vector field, i.e., only the matter component will modify the effective mass of the vector field. Thus, we can simply set T = ρ m , even in the radiation dominated epoch. Moreover, we also assume that
p /β so that we can approximate the exponential by 1. Notice that, as long as this condition holds, the equations decouple and both components evolve independently. Well inside the radiation dominated epoch the equations can be approximated bÿ
Here we introduce T = e 3βA 2 /MpT as usual.
where we have used that T ≃ 0 and H 2 ≫ M 2 . Thus, the growing mode for the temporal component is given by A 0 ∝ t, whereas A z remains frozen. This behaviour goes on until the energy density of matter becomes relevant in the field equations. This will imply that we need to tune the initial conditions such that, even though A 0 grows with respect to A z , it remains smaller (A 0 < A z ) by the time when ρ m starts being relevant. If we look at the equations, we can see that this happens when 2βρ m /M
e., when ρ r ≃ 2βρ m . The corresponding redshift is (1 + z T ) = 2βΩ m /Ω r = 2β(1 + z eq ) with z eq the equality redshift. Thus, provided that β > 1, this indeed happens in the radiation dominated epoch. After this time, the matter component becomes relevant and the equations can be approximated by:
where we have used thatḢ + 2H
T . Since we are assuming a negative value for β, the solutions are damped oscillations for both components. During radiation, the damping factor is t −1/4 , whereas in the matter epoch it is t −1/2 for both components. The field behaves in this way until M 2 ∼ βH 2 . At this point, the effective mass becomes negative and the field grows exponentially until A 2 ∼ |M 2 p /β|, when the higher order terms become important. This happens because the critical density at which the symmetry breaking occurs is reached and the field evolves towards the new minimum. Once the new minimum is reached, the field starts oscillating around it. However, since the position of the minimum is time-dependent, with a timescale of order βρ/M 2 p , the center of the oscillations moves. This is so because the oscillations timescale is
and the timescale associated with the evolution of the minimum is H −1 , so that we have that
, that is large after the symmetry breaking. Therefore, the minimum evolves adiabatically with respect to the field oscillations.
Notice that during Big Bang nucleosynthesis the field is cosmologically screened so that no effects are present and the corresponding constraints are easily evaded.
The main difference between these models and GR comes from an anisotropic effective gravitational constant which will affect structure formation at large scales. Moreover, these models will have imprints in cosmology which are not present in other screening models, such as the chameleons and symmetron type of models. Those signatures will arise from the novel extra-term in the energy-momentum tensor (4) proportional to A µ A ν that can produce anisotropic stresses on large scales that will contribute to the ISW effect.
In summary, a screening mechanism for conformal vector-tensor modifications of general relativity is proposed. Such mechanism allows to screen a vector field on small scales while non-trivial cosmological effects can still be present due to modifications of Einstein's equations. We focus on a simple model consisting of a massive vector field which is conformally coupled to matter. The screening mechanism occurs due to a spontaneous symmetry breaking, therefore is applicable to a whole class of theories with different combinations of potential and conformal couplings so that the vector field is either timelike or spacelike at the critical points after the symmetry breaking. Moreover, our mechanisms also provides a way to restore Lorentz invariance in high dense regions, while being broken in low dense regions. This is a novel and unique signature of this mechanism. Notice also that in spite of local gravity constraints being easily evaded, the cosmological structure formation within these theories will be different from both General Relativity and other screened-modified gravities, due to the coupling between matter and the vector field. Finally the screening mechanism operating on small scales opens a new avenue for fundamental vector fields strongly coupled to matter into our theories.
Instead of using our action without the Stueckelberg field, one could alternatively consider the full action including ϕ. In such a case, to maintain the gauge invariance, the conformal relation should also include the Stueckelberg fieldg
where the argument of the conformal factor is x ≡ (A µ + 1 m ∂ µ ϕ) 2 . It is important to notice that going from the flat spacetime version of the action for a massive vector field to its curved spacetime version is not free from the usual ambiguity when covariantising a given action by replacing ordinary partial derivatives with covariant derivatives. One could covariantise either (26) or (27) and one would end up with different curved spacetime versions of the same theory in flat spacetime. The difference between both actions will be a non-minimal coupling of the vector field to the curvature, more precisely, a term R µν A µ A ν . Although this term would give rise to a different cosmological evolution or different features in contexts where curvature is relevant, it is important to note that, since it vanishes in a Minkowski spacetime, it does not affect the screening mechanism proposed in this Letter, which would equally work for both versions of the covariant action.
